There is currently a gap in satellite observations of the moisture structure during heavy precipitation conditions, since infrared and microwave sounders cannot sense water-vapour structure near the surface in the presence of intense precipitation. Conversely, Global Navigation Satellite System (GNSS) radio occultations (RO) can profile the moisture structure with high precision and vertical resolution, but cannot indicate the presence of precipitation directly. Polarimetric RO (PRO) measurements have been proposed as a method to characterize heavy rain in GNSS RO, by measuring the polarimetric differential phase delay induced by large size hydrometeors. Previous studies have shown that the PRO polarimetric phase shift is sensitive to the path-integrated rain rate under intense precipitation scenarios, but there is no current method to invert PRO measurements into quantitative estimates of the path-averaged rain rate. In this manuscript, a probabilistic inversion approach to the GNSS PRO observables is proposed, where the GPM precipitation products are used for the construction of an a priori look-up table (LUT) database. The performance of the LUTs is assessed for use in the inversion of satellite-based GNSS PRO observations, based on synthetically generated PRO data of actual events, which correspond to co-locations between GNSS RO profiles and the TRMM observations. The synthetic data include end-to-end propagation effects of the polarimetric observables and a simple separation algorithm to isolate the hydrometeor component of the observation. The assessment results in agreement better than ±1 mm/hr between the reference LUT and the actual rain statistics of the synthetic data, proving the suitability of the GPM-based probabilistic inversion tool. These findings indicate that the GNSS PRO products are capable of extending the current GNSS RO ones by associating indications of rain-rate probabilities at different altitudes, at ∼250 m vertical resolution and under intense precipitation scenarios with the standard vertical thermodynamic profiles.
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global navigation satellite signals (GNSS), polarimetric radio occultations (PRO), radio occultations (RO), remote sensing of precipitation, thermodynamic profiles INTRODUCTION influencing the moisture structure and precipitation state, fundamental questions related to the origin, concentration and influence of water vapour remain unanswered (e.g. Masunaga, 2014; Westra et al., 2014; Schiro et al., 2016) . The driver of atmospheric circulation is convection, which by itself can modify the moisture distribution through vertical transport and detrainment and, in the sub-cloud layer, through the evaporation of precipitation and clouds. Multiple theories regarding the large-scale (∼10-1,000 km) processes that result in such heavy precipitation have been postulated, with recent evidence pointing to control by free-tropospheric moisture (Derbyshire et al., 2004; Schiro et al., 2016) . Without an improved understanding and representation of the processes that link tropospheric water vapour and heavy precipitation, the disparities between model representations of heavy precipitation and observations are likely to persist (e.g. Dai, 2006) .
From an observational standpoint, hyperspectral infrared sounders such as the Advanced Infrared Sounder (AIRS) aboard the NASA Aqua satellite can profile the lower tropospheric temperature and humidity structure within the cloud-free environment surrounding cloudy areas, but the quality and quantity of valid data degrade very rapidly within cloud cover (Susskind et al., 2003) . Passive microwave humidity sounders that operate in the 183 GHz water-vapour absorption complex, such as the Advanced Technology Microwave Sounder (ATMS) aboard the Suomi National Polar-orbiting Partnership (Suomi-NPP) operational platform, can provide profiles within cloud cover to a somewhat larger extent, but do not sense directly within the boundary layer inside heavy convection. Space-based precipitation radar systems include the Precipitation Radar (PR) and Dual-Frequency Precipitation Radar (DPR) aboard the Tropical Rainfall Measuring Mission (TRMM, 1997 -2014 : Kummerow et al., 2015 and the Global Precipitation Measurement (GPM, 2014 -current: Hou et al., 2014 Skofronick-Jackson et al., 2016) core observatory, respectively. These radars intentionally operate at attenuating frequencies (Ku/Ka band or 13.6/35.5 GHz for DPR; only Ku band for PR), where path attenuation can be used as a constraint to improve the estimation of the condensed water profile and the associated surface rainfall rate. While the radar backscatter represents the net effects of scattering and attenuation due to water vapour and rainfall, the two cannot be readily separated to determine the water-vapour profile internal to the precipitation core. There is also evidence highlighting the degradation of retrievals of intense convective precipitation owing to multiple scattering (Battaglia et al., 2015; and non-uniform beam-filling issues (Durden and Tanelli, 2008) . The issue is more acute over land surfaces, where the path attenuation technique has problems. This yields larger uncertainties in the precipitation retrievals, also affected by highly variable radar surface backscatter (Seto and Iguchi, 2007) . In summary, neither IR instruments like AIRS nor GPM are particularly suited for observations of the joint structure of water vapour internal to heavily precipitating clouds. The very same factors that influence or affect one measurement (water vapour or precipitation) are difficult to extract from, or indirectly influence, the observation of the other.
Radio occultation (RO) techniques take advantage of radio signals transmitted by the expanding networks of Global Navigation Satellite Systems (GNSS), notably the US Global Positioning System (GPS). The six-satellite COSMIC/FORMOSAT-3 constellation (e.g. Anthes et al., 2008) and the future COSMIC-2/FORMOSAT-7 (e.g. Lee et al., 2013) follow-on provide a wealth of data for weather and climate applications, providing a relatively inexpensive approach for sounding the global atmosphere with high precision, accuracy and vertical resolution, seamlessly through precipitation and across land-ocean boundaries. Several studies within the past decade have demonstrated the positive impact that results when RO is assimilated into numerical weather prediction models by operational forecast agencies (e.g. Cardinali and Healy, 2014) .
The material in this article involves a newly proposed measurement concept, where GNSS RO measurements are taken at two orthogonal polarizations to exploit the potential capabilities of polarimetric RO (PRO) for jointly observing and quantifying atmospheric thermodynamics and rain profiles within heavy precipitation events (Cardellach et al., 2015) . These polarimetric RO measurements are predicated on the fact that, in the L band (1.5 GHz, the typical GNSS transmit frequency), the effect of clouds and precipitation on the received signal magnitude is negligible, but since GNSS receivers provide inherently high precision phase measurements they can track differential propagation phase changes very accurately. Since precipitation-sized hydrometeors are typically aspherically shaped, the differential phase of the received signal is modified during tangential propagation through clouds associated with heavy precipitation. In the case of PRO, propagation through liquid precipitation or large crystalline ice (Vivekanandan et al., 1994) will induce a cross-polarized component (Padullés et al., 2016a) . The measurement of differential propagation phase shifts has been studied in detail by the ground-based weather radar community (Bringi et al., 1990) and is now an integral part of the USA nationwide Next-Generation Radar (NEXRAD) radar system (e.g. Cunha et al., 2013) . If this differential measurement concept is demonstrated for space-based observations, PRO may introduce new applications of GNSS RO observations by profiling high vertical resolution (∼250 m) coincident thermodynamic conditions within clouds associated with regions of heavy precipitation, subject of course to the viewing conditions associated with GNSS RO measurements (i.e. relatively coarse ∼150 km horizontal structure but fine vertical structure). While individual convective clouds are typically associated with scales up to 100 times finer than this, large-scale precipitation systems in the Tropics are not far from this scale. Based on a multi-year study of TRMM data, Liu et al. (2008) determined that precipitation features greater than 10,000 km 2 contribute more than 50% of the total precipitation over the tropical oceans and 70% over the southeastern USA. Similar statistics were determined independently by Nesbitt et al. (2006) in a separate TRMM-based study.
The combined information in GNSS PRO high vertical resolution (∼250 m) rain profiles and coincident thermodynamic conditions within regions of heavy precipitation also provides other potential benefits. For example, knowledge of the presence of precipitation is useful to improve and evaluate the cloud microphysical parametrizations used in numerical weather prediction (NWP) forecast models, where the local environment affects the transition of condensed water from cloud to rain. Since heavy precipitation is often associated with strong vertical air motion, these observations may lead to better understanding of cloud processes and thermodynamic conditions within convective cloud structures. The unique value of the GNSS PRO measurements in the context of other current and planned space-based missions is the capability simultaneously and directly to measure the vertical structure of water vapour and yield an indication of heavy precipitation at each level.
An earlier study by the authors (Cardellach et al., 2015) discussed the design and expected hydrometeor sensitivity of the Radio Occultations and Heavy Precipitation (ROHP) PRO experiment, which is included aboard the Spanish Earth observation PAZ satellite, currently planned for launch in 2017. The ROHP-PAZ experiment is based on a modified, JPL-designed, Integrated GPS Occultation Receiver (IGOR+) GNSS receiver. The main payload of PAZ is an X-band synthetic aperture radar (SAR), decoupled from and not used by the ROHP-PAZ experiment. The GNSS PRO technique was confirmed further in an experimental field campaign from a mountain top (Padullés et al., 2016a) . A preliminary data-processing technique to resolve precipitation structures from GNSS PRO was introduced by Padullés et al. (2016b) , but they showed that it would work only under certain limited conditions. The difficulty in resolving the structures lies in the fact that the PRO measurement provides only the total path propagation differential phase (the equivalent of phi-DP in the case of a ground-based polarimetric radar, but in forward scattering rather than backscattering). Unlike a radar that provides range sampling, it is not possible to invert the PRO measurements directly into specific rain rates along the satellite-to-satellite rays. Nevertheless, the considerable number of satellite-to-satellite coincidences between the large number of existing GNSS RO and overpasses of either GPM or TRMM radar can be exploited to build a large number of a priori observations of the joint structure of water vapour and precipitation. Given a sufficiently large and representative a priori dataset of these observations, the path-averaged rain rate and its uncertainty can be estimated in a Bayesian sense from the PRO observations alone. This methodology is similar to the idea behind Bayesian methods applied to passive microwave retrievals of precipitation, which uses an extensive a priori dataset of precipitation profile information from the DPR or PR to invert the radiometer brightness temperatures (Kummerow et al., 2015) .
In this study, we propose a probabilistic inversion retrieval of the spaceborne GNSS PRO data. The approach is based upon look-up tables (LUTs) that relate the propagation total polarimetric differential phase to realistic rain conditions. The LUTs will act as reference statistical tools to determine the likelihood of each ray in a GNSS PRO sounding having crossed precipitation cells of a certain intensity. The generation of the reference LUT is presented in section 3, based on an extensive artificial co-location between RO ray trajectories and GPM DPR precipitation profiles, where only the hydrometeor component of the polarimetric phase shift has been considered. The validation of such a probabilistic retrieval approach cannot be performed using individual cases, but rather a new set of events, to check that they indeed follow the retrieved probability distribution. This probabilistic validation exercise is carried out in section 4 using actual GNSS RO events co-located with actual TRMM 3D precipitation data. Unlike the generation of the reference LUT, the validation set is based on synthetic data resulting from a more complete end-to-end (E2E) simulation. These data sets now include the multiple factors that influence the RO polarimetric propagation from the transmitter to the receiver (transmitter polarimetric impurities, ionospheric effects before and after the precipitation cells and receiver instrumental issues). An algorithm to isolate the hydrometeor component of the observables from other effects, summarized in section 2, is applied to the end-to-end data, so finally the LUT inversion scheme can be tested. The study concludes with a set of illustrative cases in section 5, to show how the method would be applied to actual GNSS PRO data and the geophysical products it would generate.
THE GNSS PRO SOUNDING CONCEPT
A radio occultation is an atmospheric sensing technique created for planetary exploration (e.g. Phinney and Anderson, 1968) . It measures the bending suffered by electromagnetic signals when crossing the planet's atmosphere, on their way from an opportunistic transmitter to a dedicated receiver. The bending is due to vertical gradients in the refractive index of the atmosphere, which acts as a lens. The principle of measurement, therefore, is inversion from the bending of the signals to the vertical profile of the refractive index n(h) (or refractivity, defined as N(h) = (n − 1) × 10 6 ). On Earth, the technique uses opportunistic signals transmitted by the navigation systems (Global Navigation Satellite Systems (GNSS), such as the Global Positioning System (GPS)) and the receivers, which tend to be aboard Low Earth Orbiters (LEO), although airborne GNSS RO are also possible (e.g. Healy et al., 2002; Xie et al., 2008) . GNSS signals are emitted in the L band (∼0.2 m wavelength) in circular polarization FIGURE 1 Sketch of the GNSS PRO geometry (not scaled). The signals transmitted by a satellite of the GNSS constellation are acquired by a Low Earth Orbiter in occulting geometry, when the Earth blocks their straight line of sight. The atmosphere, by means of its vertical gradients, acts like a lens and bends the radio-link trajectory (or ray). The bending is measured precisely by GNSS RO standard techniques (also from GNSS PRO acquisition systems). The geometry of GNSS RO and GNSS PRO is the same, as the only difference between both techniques is the polarization capabilities of the receiving system aboard the LEO. PAZ is the GNSS PRO proof-of-concept mission (launch planned Q4 2017) (right-hand circular, RHCP). This electromagnetic band was chosen to enable all-weather penetration (including thick clouds and intense precipitation), while circular polarization was chosen to overcome polarization mismatch under any arbitrary geometry. Further details about GNSS signals and applications can be found in e.g. Spilker et al. (1996) , Jin et al. (2014) and Teunissen and Montenbruck (2017) .
In a standard GNSS RO receiving system, a dedicated RHCP antenna is placed at the front or rear (with respect to the movement) of a satellite, pointing towards the limb of the Earth. The basic difference between a standard and a polarimetric GNSS RO is that the circularly polarized receiving antenna is replaced by a 2-linear polarized one in the GNSS PRO concept. Each port of the antenna (H for horizontally polarized and V for vertically polarized) is connected to one port of the dedicated receiver, which treats both entries synchronously (as set up in the ROHP-PAZ experiment).
The geometry of both GNSS RO and GNSS PRO is identical (see Figure 1) . In a setting RO, the receiver and transmitter are initially high in the sky and gradually settle down below the horizon, with the Earth blocking its line of sight (occulting each other). The radio link crosses many layers of the atmosphere, from outer space down to the tangent point, which is the location of the ray closest to the surface and with propagation direction parallel to it. The altitude of the tangent point will be denoted h t hereafter. The GNSS receiver indirectly measures the bending of the radio link and this can be inverted into vertical profiles of atmospheric refractivity (e.g. Kursinski et al., 1997) . The resulting refractivity measurement at the troposphere has an approximate resolution of 100-200 m in the vertical direction and of the order of ∼100 km along the ray direction, centred at the tangent point.
In the ROHP-PAZ experiment, the polarimetric radio occultation observable is defined as the phase shift between the two linear polarization channels of the receiving system. When expressed in vertical and horizontal polarizations, hydrometeors induce a shift that relates to the different delay suffered by the signal crossing the droplets along its longer horizontal axis with respect to the delay suffered when it crosses its shorter vertical axis. Only intense rain induces this effect at detectable levels (Cardellach et al., 2015) , as large droplets are required for the air friction to flatten them. This polarimetric phase shift, here also called polarimetric phase delay and usually given in units of length (e.g. mm of GPS L1 wavelength mm , i.e. Φ mm = mm Φ rad ∕(2π)), is the cumulated phase shift given by the forward-scattering specific differential phase K dp at each point along the GNSS ray, which in turn depends on the drop size distribution N(D) and forward-scattering amplitudes f H and f V corresponding to the scattering of H and V polarized signals off a single D-sized drop (Cardellach et al., 2015) :
where ℜ stands for the real part, N(D) denotes the number of drops in a cubic metre per drop-size interval in mm and D is the equivolumetric drop diameter, also in mm. The units of the output match the units in which the electromagnetic wavelength of the GPS signal is given (we have used mm). The effect of the hydrometeors is not the only source of polarimetric phase shift. The GNSS satellites are supposed to transmit pure RHCP electromagnetic fields, but, as stated in the GPS interface control document (NAVSTAR GPS, 2015), a certain level of cross-polar transmission is tolerated. The slightly elliptical transmitted signals (ellipticity characterized by the ratio of circular cross-polar to circular co-polar amplitude m and the orientation of the main axis of the ellipse Δ) are then rotated by Faraday effects during their way across the ionosphere. The Faraday rotation Ω is also a cumulative effect along the ray, where the electron density and the magnetic field determine its value at each point. Note that if the transmitted signals were purely circular, the Faraday rotation would not induce any differential phase shift between the two linear polarized components (both being affected identically). It is therefore useful to distinguish between the rotation suffered before reaching the precipitation cell (Ω 1 , occurring at the right-hand side of Figure 1 , between the transmitter and the lower troposphere) and that suffered after the precipitation cell (Ω 2 , at the left-hand side of Figure 1 , between the lower troposphere and the receiver). Finally, the receiver can also induce polarimetric shift, through the phase pattern of the receiving antenna and cabling and as an arbitrary initial phase arc that the receiver sets at the beginning of each tracking arch (continuous segment of data).
We will assume that the phase pattern of the receiving antenna and cabling effects can be calibrated and that the remaining effects vary smoothly during the fraction of the RO profile that is affected by rain. Under these assumptions, we have has shown that the total polarimetric phase shift measured above the rain can be extrapolated downwards to the surface and these extrapolated values can be used effectively as a correction term for the remaining systematic effects. This ad hoc separation technique will be used here to isolate ΔΦ hyd , the parameter of interest, from the total measured phase shift: ΔΦ hyd (h t ) = ΔΦ total (h t ) − ΔΦ extrap (h t ). In this study, the extrapolation is performed by first fitting a second-order polynomial to the measurements of phase shift between 70 and 18 km and then evaluating the polynomial at lower altitudes. This approach has been shown to provide a good separation of the hydrometeor term, provided that the Faraday rotation suffered after rain Ω 2 is small enough. Cases with Ω 2 < 15
• result inΔΦ hyd (h t ) with errors smaller than 10%. Based on actual ionospheric and Earth magnetic field values and the actual geometry of GNSS RO events co-located with TRMM measured precipitation, in 75% of the cases Ω 2 < 4.9
• and only in 3% of the cases Ω 2 > 15
• . Therefore, the separation approach will provideΔΦ hyd (h t ) ≈ ΔΦ hyd (h t ) in most cases.
GENERATION OF REFERENCE PROBABILITY LOOK-UP TABLES
As described above, the GNSS PRO observable is the phase delay shift, here given in GPS L1-band millimetres, between the H and V polarizations of the received signal, from which the contribution due to hydrometeors ΔΦ hyd has been identified and separated through a simple algorithm. A time series of these observables is obtained for each particular radio-occultation event and each of the times of the series corresponds approximately to one altitude of the tangent point h t (point of the radio link closest to the surface and with propagation direction parallel to it). This assumption fails when multiple atmospheric pathways are present, something that which we neglect at this stage. Hence, ΔΦ hyd (h t ) ≡ ΔΦ hyd (t). In this section we develop a methodology to relate a given value of ΔΦ hyd (h t ) to probabilistic information about the rain cell that ray might have crossed. The methodology is based on look-up tables of maximum probability and several percentile occurrence values.
In order to generate the LUTs, the hydrometeor component of the polarimetric phase shift has been simulated for sets of RO ray trajectories that have been co-located artificially (i.e. the coincidence in space and time is forced) along the GPM satellite orbit, aligned with the satellite travel direction. The GPM combined algorithm (Ku-band radar plus radiometer) Version 4 data products (Grecu et al., 2016) , also identified as Combined Radar-Radiometer Algorithm (CORRA) products, are used to obtain a three-dimensional profile of the GPM products in the artificial RO plane. This product covers a 245 km swath and provides vertical profiles of the hydrometeor size distribution, phase, precipitation rate and condensed (ice, mixed or liquid phase) water content up to 20 km above the reference surface with 250 m vertical resolution. These data can be used to simulate GNSS observables in the L band. Note that these GPM CORRA products are not fully decoupled from actual GNSS RO measurements, as the retrieval algorithm uses information from models to apply certain corrections (e.g. path attenuation in Chandrasekar et al., 2003) . Since GNSS RO are assimilated into global weather models, indirect RO information may be embedded in the GPM products being used in this exercise. However, since we treat GPM CORRA products as our reference precipitation information in artificial (not actual) RO events, any potential correlation between the GPM product and actual GNSS ROs would have little effect on the polarimetric retrieval.
Here "artificial" co-location is understood as a synthetic RO event that occurs within the swath of the GPM observations (artificially co-located in space and time). The simulated RO rays are only used to generate the polarimetric response from propagating through hydrometeors as retrieved from GPM, but there are no actual RO thermodynamic soundings derived from these (synthetic) rays. Finally, the hydrometeor component of the polarimetric phase shift is computed along each synthetic ray to simulate the observable ΔΦ hyd (h t ) following Equation 1. A total of 80 rays in each RO event are considered, at 0.250 km spacing between their tangent points (Δh t = 0.250 km) covering an altitude range of 0-20 km. This vertical sampling is consistent with the integration needed to increase the signal-to-noise ratio (SNR) of the measurement and decrease the noise of the phase delay observables down to the required 1-1.5 mm (Cardellach et al., 2015) . Here, the artificial co-location is chosen to increase the statistics and thus obtain a more robust probabilistic characterization. An example of an artificial co-location, its interpolation of the precipitation information and final hydrometeor observables is shown in Figure 2 . The exercise, using GPM CORRA data over two years (2015) (2016) , resulted in ∼250,000 PRO vertical profiles, of which ∼60,000 have at least one RO ray crossing a precipitation cell and ∼14,000 induce polarimetric phase shifts above the expected noise level. Note that actual -non artificial -spatio-temporal co-locations will be used in section 4 to test the performance of the LUT methodology.
The LUTs are defined over a grid on to the 2D space of (ΔΦ hyd , h t ), with cell resolutions of 0.5 mm in polarimetric phase delay shift and 250 m in altitude. We want to characterize statistically the rain that induced ΔΦ hyd (h t ) observables within each cell. The rain information is obtained from the GPM CORRA products used to simulate the observables. The characterization is done through several probabilistic parameters of two variables: the along-ray mean values of the GPM rain rates ⟨R⟩ and the maximum GPM rain-rate value along the ray R max . The probabilistic parameters are the most probable and a set of percentiles. For example, the 75% of time that an observable has a value within the cell (ΔΦ 
FIGURE 3
Histogram of one cell of the LUT grid: among the ∼250,000 vertical profiles of PRO observables generated with the artificial co-location, 1,434 of them have one point of the profile within the cell defined as 1.5 mm < ΔΦ hyd ≤ 2 mm and 1.5 km < h t ≤ 1.75 km. This histogram shows the along-ray averaged rain rate of all these cases, as obtained from GPM CORRA interpolated data (see Figure 2(b) ). The 10th, 25th, 50th, 75th and 90th percentiles are indicated. Note that for 75% of the time, an observable within this cell was induced by averaged rain rates larger than its 25th percentile (1.1 mm/hr); it has 50% chance of coming from mean rain rates larger than 2 mm/hr and the dispersion between its 10th and 90th percentiles is ∼3 mm/hr. Most of the cells present a peak between the 25th and 50th percentile. The LUT Nth stores, for each cell, the value of the Nth percentile of the distribution within that cell. We have generated LUTs for the 25th, 50th, 75th, 10th and 90th percentiles, as well as the LUT of the difference between the 10th and 90th percentiles. The most probable value R * , for which a LUT is also generated, is obtained from the peak of the 0.25 mm/hr binned histogram The methodology has been applied to the 25th, 50th and 75th percentiles (different LUTs, one for each percentile), as well as to the difference between the 10th and 90th percentiles. The latter gives an idea of the dispersion within each cell. To obtain the most probable value within each cell R * (ΔΦ i hyd , h j t ), a histogram is first generated to pick the rain rate of maximum probability. The histograms are generated at 0.25 mm/hr binning for along-ray averaged rain rate and 5 mm/hr along-ray maximum rain rate. The larger the binning size, the coarser the resolution of R * , but the more robust the solution.
Figures 4 and 5 show the LUTs generated for the averaged rain rate ⟨R⟩ and the maximum rain rate R max , respectively. The plots also show the expected noise level in a ROHP-PAZ-like experiment. These are the reference tables for the assessment conducted in section 4.
These types of LUT have also been generated for different regions and seasons. The regional effects are noticeable, especially the distinction between tropical and extratropical features, while the seasonal effects are secondary. In general, a much larger number of events is required to build regional and seasonal LUTs so that each of them has a statistically significant number of cases within each cell. Note that certain cells of the global LUTs shown in Figures 4 and 5 present a relatively low population of cases. It must also be noted that the LUTs, being generated from GPM data, thereby carry 
VALIDATION BY END-TO-END SIMULATIONS
In this section we validate the LUT inversion approach by applying it to a set of realistic synthetic data. The synthetic data correspond to actual co-locations between COSMIC/FORMOSAT-3 (COSMIC hereafter) RO events and TRMM precipitation 3D measurements (TRMM 2A25 products). A co-location is identified when the COSMIC RO event has its 10 km altitude tangent point within the TRMM swath. This realistic co-location exercise has resulted in 550 profiles with intense rain rates from 2006 to 2016.
The data synthesis is performed by means of an end-to-end simulation that includes all the terms summarized in section 2, where the ionospheric electron content is extracted from the IRI-2012 model (International Reference Ionosphere: Bilitza et al., 2014) , the magnetic field from the IGRF-12 model (International Geomagnetic Reference Field: Thébault et al., 2015) and the ellipticity of the transmitted signal is assumed to be at m = 0.1 level (10% of left-hand circularly polarized signals) within the GPS requirements (NAVSTAR GPS, 2015) , with an arbitrary orientation angle Δ of random value. The receiving antenna effects are assumed to be calibrated, except for its initial polarimtric shift ( arc , an arbitrary number between the phase-delay measurements of the H and V channels of the receiver), which is data-arch dependent, i.e. different arc for each set of continuously acquired observations. It is set to 60
• . The ionospheric effects I 1 and I 2 , induced by Faraday rotations Ω 1 and Ω 2 due to ionosphere crossed before and after the precipitation cell, respectively, are also included in the E2E simulation. An example of the vertical profile of the total polarimetric shift observation is shown as a black line in the left panel of Figure 6 . The simple separation algorithm presented in section 2 is then applied to isolate the hydrometeor component (blue line in right panel of Figure 6 ) from the total measurement (black line in left panel of Figure 6 ). The algorithm takes advantage of the fact that the ionospheric, transmitter and receiver effects are smoothly evolving in the bottom layers of the atmosphere, where the rain is sensed. Therefore the separation is not perfect and in some cases the isolated hydrometeor componentΔΦ hyd (h t ) (tilde used to distinguish it from the actual hydrometeor component ΔΦ hyd (h t )) will be contaminated by mis-correction terms (see validity of the separation algorithm at the end of section 2). With the hydrometeor term isolated, it is possible to apply the LUT retrieval approach: that is, extract from the LUTs those values corresponding to eachΔΦ hyd (h t ) in the data. These sets of values will provide, at each altitude of the PRO profile, the most probable rain rate, together with the rain rate of 25th, 50th and 75th percentiles and the dispersion (10th-90th percentile difference).
Given that the actual rain is well known in synthetic data, we can validate the output of this probabilistic retrieval with the actual values of the rain that induced the polarimetric signals. Nevertheless, the validation cannot be based on individual cases, as the retrieval approach provides a set of probabilities of rain rates. The validation can only be performed by comparing the actual distribution of rain rates to which our approach has assigned the same set of percentiles, i.e. comparing the original LUTs with the statistics of the TRMM rain rates that induced the syntheticΔΦ hyd (h t ). Note that this is equivalent to generating a new set of LUTs, now from the end-to-end simulation (LUT e2e ). The differences between the reference LUTs developed in section 3 (LUT ref ) and the statistics of the end-to-end simulation exercise (LUT e2e ) can be understood as the error of this probabilistically based retrieval approach. Note that only the hydrometeor component was generated in LUT ref , while all terms are synthesized and then a separation algorithm is applied to isolate the hydrometeor component in LUT e2e .
These differences are shown in Figure 7 . The cells populated in both LUT ref and LUT e2e (the only cells that can be compared) agree better than ±1 mm/hr rain rate in 57-60% of the cells. When noise is added to the synthetic data of the end-to-end simulations, the comparison shown in Figure 8 is achieved. The noise added is that expected for the GNSS PRO in the ROHP-PAZ experimental set-up (Cardellach et al., 2015) : it is related to the SNR of the actual COSMIC data and degraded to account for the 3 dB loss due to the mismatch between the circularly polarized transmitted field and the linearly polarized receiving antenna. The difference in
Example of total observed polarimetric phase shift ΔΦ as a function of each ray's tangent point altitude and its individual contributions, including transmitter effects, ionosphere before precipitation (I1), ionosphere after precipitation (I2) and arbitrary initial phase shift and antenna pattern in the receiver (R). The term of interest is the hydrometeor one, which must be separated from the rest of the terms. this case is better than ±1 mm/hr in 58-67% of cells. Only observations with actual SNR above the noise level are considered in the statistics. Table 1 details several parameters of this comparison, by means of the weighted mean and standard deviation of the differences between the realistic LUT e2e and the reference LUT ref .
The statistics with and without noise are similar, with the noise reducing the overall biases by balancing the cells with positive biases with those of negative biases. The dispersion in both noise-free and noisy scenarios is generally better than 1 mm/hr root-mean-squared difference. A systematic under-representation of the rain above 6 km altitude is seen in the results with added noise, with more blue colour at higher altitudes. This under-representation can be due to false positives induced by the noise. However, these blue cells have little weight in the average, as they correspond to cells of much lower population than the cells close to zero rain rate, as seen in the last three columns of Table 1 .
Remarkably, the biases do not exceed 1.12 mm/hr, with the statistics of the end-to-end simulations generating higher rain rates than the statistics of the reference LUTs. Possible reasons for this positive bias would include the following: (a) the residual effects of the separation algorithm; (b) the fact that the 550 COSMIC-TRMM co-locations in LUT e2e correspond to the most extreme cases; (c) the different sensitivity to light rain as provided by the TRMM and GPM CORRA products used in this study (GPM radar and radiometric combined products have been used in this study for the generation of LUT ref , while TRMM radar-only products are used to generate LUT e2e ); and (d) incomplete co-locations between TRMM and COSMIC GNSS RO profiles used in the study (partially out of the TRMM swath).
APPLICATION
In the previous sections we have first generated a suite of reference LUTs based on hydrometeor-induced phase shift in GNSS PRO (section 3) and later assessed the probabilistic errors introduced by other systematic effects, such as transmitter ellipticity and orientation, the ionosphere before and after the hydrometeor depolarization and receiver phase shifts (section 4). In this section we present illustrative examples of the applicability of this LUT methodology to extract precipitation information in the upcoming ROHP-PAZ GNSS PRO data. Given that the PAZ satellite has not been launched and there is no other GNSS PRO mission in orbit, the polarimetric part of this exercise is based on synthetic data. The complete GNSS PRO polarimetric phase shift observable ΔΦ(h t ) has been synthesized with the end-to-end simulator for a set of COSMIC RO events co-located with TRMM and its hydrometeor component has been isolated using the algorithm presented in section 2. The isolated hydrometeor componentΔΦ hyd (h t ) is then searched for through the reference LUT tables developed in section 3 (generated with artificial co-locations with the GPM CORRA products and accounting only for the hydrometeor contribution). As a result of this interrogation, for each altitude h t we obtain the most probable along-ray maximum and averaged rain rates, as well as their 10th, 25th, 50th, 75th and 90th percentiles. That is, we obtain the probabilistic expectation of rain at each altitude. In fact, this is not the only information to be obtained from the GNSS PRO, as the data can also be processed using the standard non-polarimetric technique to extract the thermodynamic vertical profiles. Therefore, the selected cases shown in Figure 9 illustrate the overall outcome of GNSS PRO events: their thermodynamic sensing and their precipitation probabilistic characterization. In the examples provided here, the thermodynamic profiles correspond to the actual measurements of the COSMIC selected events as provided by the University Corporation for Atmospheric Research (UCAR), while the probabilistic characterization of the precipitation is based on the LUT-based inversion of the synthetic data 
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FIGURE 7
Comparison between the reference LUTs in Figure 4 and the statistics ofΔΦ hyd (h t ) as generated from actual co-locations between COSMIC and TRMM missions, taking into account transmitter, ionospheric, hydrometeor and receiver effects and isolating the hydrometeor component after a simple algorithm (LUT e2e : (a)-(d)). The bottom row (e-h) is the difference LUT e2e −LUT ref : (e) LUT 25th , (f) LUT 50th , (g) LUT 75th and (h) most probable LUT * , respectively generated by end-to-end simulations, including random noise. The selected thermodynamic products are the temperature and relative and specific humidity profiles, obtained at UCAR using the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA) Interim (Dee et al., 2011) as a first guess in the processing. Among the COS-MIC/TRMM co-located events that have been simulated from end to end, the precipitation retrievals of those with the highest hydrometeor component are included as File S1, available on-line at the QJRMS site (92 profiles). In Figure 9 , the thermodynamic and precipitation profiles do not reach the same bottom levels, because (a) we have only simulated a subset of the total observed RO rays, (b) the polarimetric measurement in these low regions might be masked by larger noise and then is not shown in our results, and (c) in given cases, TRMM does not provide rain measurements at the lowest bins.
DISCUSSION
This study has presented a methodology to retrieve intense precipitation information from polarimetric GNSS RO observables. The retrieval technique characterizes the probability of rain rate by interrogating the polarimetric observables with a suite of reference look-up tables. The LUTs have been generated with artificial co-locations between GNSS RO ray trajectories and the measurements from the GPM mission (section 3). The method has been validated thereafter, also in statistical terms, with more realistic synthetic data from actual co-locations between the COSMIC/FORMOSAT-3 GNSS RO mission and the TRMM precipitation mission (section 4). In addition to polarimetric effects due to hydrometeors intersecting the GNSS radio links, the polarimetric impurity of transmitted signals (within GPS official requirements), the ionosphere and Earth's magnetic field and the receiver 
50th percentile 75th percentile Most probable FIGURE 8 Same as Figure 7 but after adding noise to the end-to-end simulated data The mean and standard deviation of the differences are weighted based on the population of each cell. Differences averaged across the whole LUT and also by altitude are given in different columns. All units in mm/hr.
instrumental effects have been accounted for in the validation exercise, where a simple separation algorithm has been implemented to isolate the hydrometeor component from the remaining systematic effects (summarized in section 2). This work details neither the whole propagation issue nor the theoretical basis of the separation algorithm, as these topics are tackled in a separate work and are not the main focus of the study.
FIGURE 9
Examples of application of the LUT methodology in four RO cases to obtain a complete set of GNSS PRO products. The cases correspond to actual COSMIC RO events co-located with TRMM precipitation measurements. The thermodynamic products are provided by the standard processing of GNSS RO, while the synthetic polarimetric observables were here generated by end-to-end simulations of these events and then inverted to the most probable and percentile rain-rate values using the LUTs. In the four leftmost columns, we present the probabilistic retrievals for the most probable along-ray averaged rain rate, along-ray averaged rain-rate percentiles, most probable along-ray maximum rain rate and along-ray maximum rain-rate percentiles. The main focus is the probabilistic retrieval approach, which uses the heritage of the GPM mission as a reference statistical frame. The GPM-based LUTs have been shown to be valuable tools to invert probabilistic features of the intense rain crossed by GNSS PRO observations, as, within each cell, the statistics obtained with actual co-locations matched the statistics of the reference tables to better than 1 mm/hr. A positive bias of the order of ≤1 mm/hr has also been reported in the noise-free runs, which tends to zero when noise is added. The sign of the biases is consistent with distributions of the actual co-locations presenting slightly higher values of the rain rates than the reference distributions. This could be the combined effect of three aspects of the exercise: residual systematic effects after the separation algorithm; the sampling of the actual co-location (based on 550 co-locations of high-intensity and extreme events); and potential differences in sensitivity to light precipitation between the TRMM measurements used in the validation and the GPM CORRA combined products used to build the reference LUTs. The methodology would benefit from extending the number of cases compiled in the reference LUTs, especially for those cells of the LUT that are poorly populated. Extending the number of cases would also permit the generation of LUTs constrained by regional and seasonal criteria. A self-consistent extension of the LUTs is feasible as the GPM mission continues its operations. The probabilistic retrievals could be complemented, in some cases, with alternative inversion approaches (e.g. the tomographic technique tested in Padullés et al., 2016b) . These approaches, or others based on data assimilation schemes, could help in dealing with the coarse horizontal resolution of the measurement, which may be integrating hydrometeor information over a few hundred kilometres (see Figure 2) . We must note, however, that similar resolution issues are found in standard RO measurements, especially for water-vapour structures, yet comparisons of RO with the finer resolution radiosonde measurements show strong agreement (e.g. Kuo et al., 2005) . Moreover, dependence of convective onset statistics on spatial averaging has been quantified for the case where column water vapour (for a given bulk temperature) is used as a leading environmental variable (Schiro et al., 2016) and the rapid increase of conditional average precipitation and probability of precipitation that characterizes the onset of conditional instability is robust for spatial averaging in retrievals from 0.25
• to about 2 • latitude-longitude boxes. This is principally because the water-vapour environment has high spatial autocorrelation on these horizontal scales (and temperature in the free troposphere has even larger typical spatial scales). Thus the spatial footprint of the RO is expected to give a good measure of the vertical structure of the convective environment. Therefore, in general the horizontal resolution should not be a dominant effect, except for very punctual studies, where small structures are the objective of the analysis. Given that the GNSS PRO observations are also suitable for standard GNSS RO retrievals, this study has presented a more complete product of the GNSS PRO measurements, here illustrated with a few examples in section 5 and more than 90 others in File S1. The complete set of products includes vertical profiles of thermodynamical variables in addition to vertical profiles of rain-rate probabilities. This GNSS PRO product is rather unique, as there is no single instrument that can provide this set of vertical profiles across heavy precipitation cells. Moreover, temperature profiles obtained with the GNSS RO standard techniques will also complement the polarimetric ones by helping to distinguish between vertical layers with liquid precipitation and those with frozen hydrometeors. The technique could therefore contribute to filling the gap in current satellite observations of moisture structure during heavy precipitation conditions. This information provides other potential benefits: for example, to improve and evaluate the cloud microphysical parametrizations used in NWP forecast models and to understand cloud processes and thermodynamic conditions within convective cloud structures better.
